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Abstract——Striatal-enriched protein tyrosine phos-
phatase (STEP) is a brain-specific phosphatase that
modulates key signaling molecules involved in synaptic
plasticity and neuronal function. Targets include extra-
cellular-regulated kinase 1 and 2 (ERK1/2), stress-
activated protein kinase p38 (p38), the Src family ty-
rosine kinase Fyn, N-methyl-D-aspartate receptors
(NMDARs), and �-amino-3-hydroxy-5-methyl-4-isoxa-
zolepropionic acid receptors (AMPARs). STEP-mediated
dephosphorylation of ERK1/2, p38, and Fyn leads to in-
activation of these enzymes, whereas STEP-mediated
dephosphorylation of surface NMDARs and AMPARs
promotes their endocytosis. Accordingly, the current
model of STEP function posits that it opposes long-term

potentiation and promotes long-term depression. Phos-
phorylation, cleavage, dimerization, ubiquitination, and
local translation all converge to maintain an appropri-
ate balance of STEP in the central nervous system. Ac-
cumulating evidence over the past decade indicates that
STEP dysregulation contributes to the pathophysiology
of several neuropsychiatric disorders, including Alzhei-
mer’s disease, schizophrenia, fragile X syndrome, epilep-
togenesis, alcohol-induced memory loss, Huntington’s
disease, drug abuse, stroke/ischemia, and inflammatory
pain. This comprehensive review discusses STEP ex-
pression and regulation and highlights how disrupted
STEP function contributes to the pathophysiology of di-
verse neuropsychiatric disorders.

I. Introduction

In the human genome, 107 genes encode the four
families of protein tyrosine phosphatases (PTPs1) (John-
son and Hunter, 2005). Specifically, PTPs are either
tyrosine-specific or dual-specificity phosphatases, and
the tyrosine-specific PTPs are further subdivided into
receptor-like or intracellular PTPs (Zhang, 2002). PTPs
play an important role in both normal cellular function
and the manifestation of disease. Consequently, PTPs
are prime targets for drug discovery (Barr and Knapp,
2006; Barr, 2010). Initial interest in using PTP inhibi-
tors in drug discovery was spawned in part by the fact
that PTP1B knockout (KO) mice are resistant to an

obesogenic diet and exhibit increased insulin sensitiv-
ity (Barr, 2010). These results suggest that PTP1B
inhibition might be therapeutic in both type II diabe-
tes and obesity. Accordingly, oligonucleotides anti-
sense to PTP1B mRNA and small molecular inhibitors
of PTP1B have since entered phase II clinical trials for
the treatment of type II diabetes (http://clinicaltrials.gov/
ct2/results?term�ISIS-113715).

Even so, the use of PTPs as therapeutic targets in the
central nervous system (CNS) is still in its infancy. One
PTP of particular promise for the treatment of neuropsy-
chiatric disorders is striatal-enriched protein tyrosine
phosphatase (STEP). STEP (encoded by the Ptpn5 gene) is
a member of the family of intracellular tyrosine-specific
phosphatases (Lombroso et al., 1991), and its closest rela-
tives by sequence homology are HePTP and PTP-SL. Al-
though STEP expression is restricted to the CNS, with the
exception of the cerebellum (Lombroso et al., 1991; Lom-
broso et al., 1993), HePTP is found only in leukocytes
(Adachi et al., 1992), and PTP-SL is expressed in the cer-
ebellum and other brain regions (for review, see Hendriks
et al., 2009). The current model of STEP function is that it
opposes synaptic strengthening by dephosphorylating and
inactivating key neuronal signaling molecules, including
extracellular signal-regulated kinase 1 and 2 (ERK1/2),
stress-activated protein kinase p38 (p38), the Src family
tyrosine kinase (SFK) Fyn, N-methyl-D-aspartate recep-
tors (NMDARs), and �-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid receptors (AMPARs) (Nguyen et
al., 2002; Muñoz et al., 2003; Paul et al., 2003; Snyder et
al., 2005; Braithwaite et al., 2006; Zhang et al., 2008;
Kurup et al., 2010; Poddar et al., 2010).

STEP was discovered 20 years ago (Lombroso et al.,
1991, 1993), and accumulating evidence implicates
STEP dysregulation in the molecular basis of several
neurological disorders. Up-regulation of STEP protein
and/or activity contributes to the pathophysiology of dis-
eases such as Alzheimer’s disease (AD), schizophrenia

1Abbreviations: �7nAChR, �7 nicotinic acetylcholine receptor; A�,
�-amyloid; AD, Alzheimer’s disease; AMPAR, �-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid receptor; CaMK, Ca2�/calmodulin-
dependent protein kinase; CFA, complete Freund’s adjuvant; CNS,
central nervous system; CPE, cytoplasmic polyadenylation element;
CPEB, cytoplasmic polyadenylation element binding protein; CSF, ce-
rebrospinal fluid; D1R, dopamine D1 receptor; D2R, dopamine D2 re-
ceptor; DARPP-32, dopamine- and cAMP-regulated phosphoprotein of
Mr 32,000; DHPG, (R,S)-3,5-dihydroxyphenylglycine; EPSC, excitatory
postsynaptic current; ERK, extracellular signal-regulated kinase;
FMRP, fragile X mental retardation protein; FXS, fragile X syndrome;
GABAAR, GABAA receptor; GABABR, GABAB receptor; HD, Hunting-
ton’s disease; HePTP, hematopoietic tyrosine phosphatase; HFS, high-
frequency stimulation; KIM, kinase-interacting motif; KO, knockout;
LTD, long-term depression; LTP, long-term potentiation; LY367385,
(S)-(�)-�-amino-4-carboxy-2-methylbenzeneacetic acid; MAPK, mito-
gen-activated protein kinase; mGluR, metabotropic glutamate receptor;
MK801, dizocilpine; MVP, major vault protein; NMDAR, N-methyl-D-
aspartate receptor; NRG1, neuregulin; p38, stress-activated pro-
tein kinase p38; PCP, phencyclidine; PEST; PKA, cAMP-
dependent protein kinase; PP, polyproline; PP1, protein
phosphatase 1; PP2B, protein phosphatase 2B (calcineurin); PSD,
postsynaptic density; PTP, protein tyrosine phosphatase; SE, sta-
tus epilepticus; SFK, Src family tyrosine kinase; STEP, striatal-
enriched protein tyrosine phosphatase; SZ, schizophrenia; TAT-
STEPC-S, substrate-trapping membrane-permeable fusion protein
of STEP46; tMCAO, transient medial cerebral artery occlusion;
UPS, ubiquitin proteasome system; UTR, untranslated region;
WT, wild type.
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(SZ), fragile X syndrome (FXS), epileptogenesis, and al-
cohol-induced memory loss (Snyder et al., 2005; Choi et
al., 2007; Correa et al., 2009; Carty et al., 2010; Goebel-
Goody et al., 2010; Kurup et al., 2010; Zhang et al., 2010;
Briggs et al., 2011; Hicklin et al., 2011). On the other
hand, too little STEP protein and/or activity can also
negatively affect neuronal function and has been re-
cently implicated in Huntington’s disease (HD), drug
abuse, stroke/ischemia, and inflammatory pain (Valjent
et al., 2005; Braithwaite et al., 2008; Tashev et al., 2009;
Xu et al., 2009; Saavedra et al., 2011; Yang et al., 2011).
Proof-of-concept studies using peptides that manipulate
STEP’s ability to interact with its substrates, as well as
characterization of STEP KO mice, establish that ma-
nipulating STEP function may be beneficial for the
treatment of these disorders. Further enthusiasm for
targeting STEP in drug discovery stems from the fact
that the unique crystal structure of STEP has been
resolved, and several structural characteristics distin-
guish STEP from other closely related PTPs (Eswaran et
al., 2006). This review summarizes the current knowl-
edge of STEP expression, regulation, and function, with
particular emphasis on the dysfunction of STEP in neu-
ropsychiatric disorders. Closing remarks outline efforts
that may be useful for designing small-molecule inhibi-
tors specific for STEP over other PTPs.

II. Basic Properties of Striatal-Enriched Protein
Tyrosine Phosphatase: Localization,

Developmental Expression, Splice Variants,
Domain Structure and Function

A. Brain Region Specificity, Developmental Expression
Patterns, and Cellular/Subcellular Localization

STEP exists as two major alternatively spliced iso-
forms, STEP61 and STEP46, and the baseline expression
of these isoforms occurs in a brain region-specific man-
ner (Boulanger et al., 1995; Bult et al., 1996). Both
STEP61 and STEP46 are expressed in the striatum, cen-
tral nucleus of the amygdala, and the optic nerve,
whereas only STEP61 is expressed in the hippocampus,
neocortex, spinal cord, and lateral amygdala (Boulanger
et al., 1995; Lorber et al., 2004). Moreover, throughout
rodent development, STEP61 and STEP46 are differen-
tially expressed (Raghunathan et al., 1996). Whereas
the levels of STEP61 are relatively abundant at birth and
throughout adulthood, STEP46 does not appear until
around postnatal day 6 (Raghunathan et al., 1996; Oka-
mura et al., 1997). STEP46 progressively increases at
postnatal day 14, reaches a plateau at 4 weeks of age,
and remains constant throughout adulthood. The onset
of STEP46 expression during the first few weeks of life
may suggest a role in synaptogenesis. Consistently, the
expression pattern of STEP and its colocalization with
certain proteins changes throughout development (Kim
et al., 2008b). For example, at postnatal day 8, STEP
colocalizes with dopamine D2 receptors (D2Rs) in the

substantia nigra compacta, where D2Rs act presynapti-
cally, and does not colocalize much with the postsynaptic
protein dopamine- and cAMP-regulated phosphoprotein
of Mr 32,000 (DARPP-32) in the caudate putamen (Kim
et al., 2008b). In contrast, in the adult brain, STEP
extensively colocalizes with DARPP-32 in striatal me-
dium spiny neurons (Lombroso et al., 1993; Raghuna-
than et al., 1996; Kim et al., 2008b). These findings
suggest that STEP may interact with D2Rs presynapti-
cally early in development and with DARPP-32 postsyn-
aptically in the adult (Kim et al., 2008b).

At the cellular level, STEP is primarily restricted to
neurons, but astroglia also show some expression, par-
ticularly after injury or ischemic insult (Hasegawa et al.,
2000; Lorber et al., 2004). In all brain regions examined,
STEP is found in both excitatory and inhibitory neurons,
where it is poised to regulate the phosphorylation of its
substrates. In excitatory neurons, STEP61 is targeted to
postsynaptic densities (PSDs) (Oyama et al., 1995; Goe-
bel-Goody et al., 2009) where one of its functions is to
regulate NMDAR surface expression directly by dephos-
phorylating GluN2B Tyr1472 and indirectly by dephos-
phorylating and inactivating Fyn (Nguyen et al., 2002;
Pelkey et al., 2002; Snyder et al., 2005; Braithwaite et
al., 2006; Kurup et al., 2010). Even though inhibitory
synaptic junctions do not present a prominent PSD, they
still have complex protein matrices enriched in receptor
proteins and signaling molecules, including STEP sub-
strates (Kullmann and Lamsa, 2007; Keith and El-Hus-
seini, 2008). Extensive colocalization of STEP with
GAD65/67, a marker for GABAergic neurons, is found in
hilar and stratum oriens interneurons of the hippocam-
pus, where STEP modulates ERK1/2 activity (Choi et
al., 2007). Moreover, loss of STEP reduces excitability of
granule cell neurons and enhances excitability of hilar
interneurons (Briggs et al., 2011). Taken together, these
findings suggest that STEP contributes to the summa-
tion of excitatory and inhibitory input to control neuro-
nal homeostasis.

At the subcellular level, STEP immunoreactivity
staining demonstrates that it is normally expressed
throughout striatal and central nucleus neurons in a
punctate pattern, including the cell body, dendrites, and
axonal processes (Boulanger et al., 1995). In contrast,
STEP is expressed in neurites, but not cell bodies, in the
globus pallidus and substantia nigra compacta, support-
ing the notion of a presynaptic role for STEP in these
particular brain regions (Kim et al., 2008b). Biochemical
characterizations further establish that STEP subcellu-
lar compartmentalization occurs with some degree of
isoform specificity (Lombroso et al., 1993; Bult et al.,
1996; Goebel-Goody et al., 2009). STEP46 is enriched in
cytosolic fractions, whereas STEP61 is most enriched in
light membrane fractions (which include endoplasmic
reticulum, Golgi, and endosomes) (Lombroso et al., 1993;
Bult et al., 1996). Electron microscopy studies demon-
strate that STEP is targeted to the PSD (Oyama et al.,
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1995), and STEP61 is the primary isoform expressed
there (N. Takagi, J. W. Gurd, and P. J. Lombroso, un-
published observations). In the monkey cerebral cortex,
STEP61-specific antibodies label cell bodies of both py-
ramidal neurons and nonpyramidal interneurons, where
the protein is localized in reticular endomembranes and
nascent vesicles of the Golgi. In the neuropil, STEP61
predominates in dendrites, often as reactive rafts in
association with the microtubules, and in dendritic
spines, marking synaptic, perisynaptic, and extrasynap-
tic membranes. Figure 1 presents STEP61 localization
patterns in dendritic spines of the prefrontal cortex, in
relationship to incoming synapses to distinguish synap-
tic versus perisynaptic versus extrasynaptic STEP com-
ponents. Quantitative assessments using high-resolu-
tion gold probes show that STEP61 is, for the most part,
nonsynaptic in dendritic spines (C. D. Paspalas and P. J.
Lombroso, unpublished observations), although we can-
not exclude the possibility of the PSD hindering STEP
immunodetection under the electron microscope. Cor-
roborating these findings, STEP61 is found in both syn-
aptic and extrasynaptic hippocampal fractions, and the
concentration is greater extrasynaptically than synapti-
cally (Goebel-Goody et al., 2009). Given that endocyto-
sis-related proteins such as adaptor protein-2 and clath-
rin are also found in extrasynaptic regions (Blanpied et
al., 2002; Rácz et al., 2004), we speculate that STEP61
activation at extrasynaptic membranes facilitates endo-
cytosis of glutamate receptors in this part of the den-
dritic spine. Understanding and using STEP’s regional,
cellular, and subcellular localization might afford con-
siderable flexibility in the therapeutic manipulation of
its activities, especially given that function seems to
differ depending on STEP location (see section IV.A).

B. Splice Variants, Domain Structure and Function

In addition to STEP61 and STEP46, two minor alter-
natively spliced variants of STEP include STEP38 and
STEP20 (Fig. 2) (Lombroso et al., 1993; Sharma et al.,
1995; Bult et al., 1996; Bult et al., 1997). STEP61 and
STEP46 each contain a signature consensus PTP se-
quence, [I/V]HCxAGxxR[S/T]G, that is required for cat-
alytic activity and a kinase-interacting motif (KIM) that
is essential for substrate binding (Bult et al., 1996).
STEP is one of only three PTPs known to contain a KIM
domain; the two others are its closest relatives, HePTP
and PTP-SL (Adachi et al., 1992; Hendriks et al., 2009).
STEP38 and STEP20 do not contain the consensus PTP
domain and are therefore catalytically inactive (Sharma
et al., 1995; Bult et al., 1997). Although the function of
STEP38 and STEP20 remains unknown, one possibility
is that they act as dominant-negative variants that com-
pete with active STEP variants for substrate binding.
Both STEP38 and STEP20 contain a distinct 10-amino
acid sequence at their carboxyl termini that is intro-
duced during splicing and may play a role in their un-
known function.

STEP61 is targeted to endomembranes, such as the
endoplasmic reticulum and the PSD, by the 172 amino
acid sequence present at its amino terminus (Fig. 2)
(Boulanger et al., 1995; Oyama et al., 1995; Bult et al.,
1996). This sequence is not found on STEP46, which is
restricted to the cytosol. Two polyproline-rich (PP) and
PEST sequences are also present on the amino terminus

FIG. 1. STEP61 protein is captured in dendritic spine membranes in
the macaque monkey prefrontal cortex, area 46. A1–B2, STEP-immuno-
gold is found extrasynaptically (A1 and A2, arrowheads) and perisynap-
tically at a perforated synapse (B1 and B2, arrowheads); synaptic profiles
are outlined in A2 and B2 to illustrate the synaptic, perisynaptic, and
extrasynaptic membranes (color-coded). Double arrowheads point to the
synapse active zone. C1–E2, when visualized with peroxidase, STEP61
marks perisynaptic and extrasynaptic membranes and is also found at
the postsynaptic density of asymmetric, presumed glutamatergic, axospi-
nous synapses. The raw data have been manipulated in the correspond-
ing C2, D2, and E2 using image editing software to facilitate visualization
of the immunoprecipitate against the postsynaptic density (between ar-
rowheads). A nonreactive spine is shown in E1 and E2 (asterisk) for
comparison. Arrowheads pointing to immunoreactive membranes are
color-coded similarly to A2 and B2. For a technical account, please refer to
Paspalas et al., 2009. The STEP antibody used was 23E5 (Boulanger et
al., 1995). Scale bars, 200 nm.
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of STEP61 (Bult et al., 1996). One function of the PP
region is to impart substrate specificity for STEP iso-
forms (Nguyen et al., 2002). For example, the affinity of
Fyn to associate with STEP61 is 10-fold greater than
with STEP46, which does not contain the PP regions. A
series of mutational analyses demonstrates that the first
PP region (in addition to the KIM domain) is necessary
for the interaction of STEP61 with Fyn (Nguyen et al.,
2002). As such, it may be possible to use this first PP
interface to selectively disrupt the protein-protein inter-
action between STEP and Fyn. The function of the sec-
ond PP region remains unknown.

III. Striatal-Enriched Protein Tyrosine
Phosphatase Regulation

STEP’s expression and ability to bind to and dephosphor-
ylate its substrates is regulated by several known mecha-
nisms: phosphorylation, proteolytic cleavage, dimerization,

ubiquitination, and local translation. Several of these mech-
anisms are disrupted in animal models of neuropsychiatric
disorders and consequently lead to aberrant STEP activity
(see section V). Here we review our current understanding of
how STEP is regulated and the potential relevance for these
mechanisms in specific neuropsychiatric disorders.

A. Phosphorylation

STEP phosphorylation at a serine residue within the
KIM domain regulates the interactions of STEP with its
substrates (Fig. 2) (Paul et al., 2000, 2003). In particu-
lar, dopamine D1R-induced PKA phosphorylation at res-
idues Ser221 or Ser49 in STEP61 or STEP46, respectively,
reduces the affinity of STEP for its substrates because of
steric hindrance (Fig. 3). Although PKA also phosphor-
ylates Ser160 in the unique amino-terminal portion of
STEP61, the function of this residue remains unknown
(Paul et al., 2000). Dephosphorylation of STEP at Ser221/

FIG. 2. Schematic of STEP. There are four alternatively spliced variants of STEP (STEP61, STEP46, STEP38, and STEP20) and one calpain
cleavage product (STEP33). STEP61 and STEP46 are the major isoforms expressed in the CNS. The KIM domain is required for substrate binding,
and the consensus PTP sequence, [I/V]HCxAGxxR[S/T]G, is necessary for phosphatase activity. STEP38 and STEP20 do not contain the PTP
sequence and are inactive variants of STEP with unknown function. It is possible that these two inactive isoforms function as dominant-negative
variants that compete with active STEP variants for substrate binding, or they possess other functions yet to be discovered. STEP38 and STEP20
contain a unique 10-amino acid sequence at their carboxyl termini that is introduced during splicing. STEP33 is generated by calpain cleavage
within the KIM domain between Ser224 and Leu225. Cleavage at this site disrupts the ability of STEP33 to interact with its substrates. STEP61 also
contains an additional 172 amino acids in its amino-terminal region, which contains two transmembrane (TM) domains, two PP-rich regions, and an
adjacent PEST sequence (not labeled). The TM regions target STEP61 to the endoplasmic reticulum, as well as the PSD. The KIM domain is required
for binding to all substrates, whereas the PP regions impart substrate specificity. PKA phosphorylates STEP within the KIM domain (Ser221 and Ser49

on STEP61 and STEP46, respectively), as well as in the region adjacent to the PP regions (Ser160 on STEP61). Although the function of Ser160

phosphorylation on STEP61 remains unclear, current investigations are aimed at determining whether phosphorylation at this or other sites is a signal
for calpain-mediated cleavage and/or ubiquitination. Finally, two cysteine residues Cys65 and Cys76 are found in the TM region that mediates STEP
dimerization and reduces its phosphatase activity.
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Ser49 by NMDAR- or �7 nicotinic acetylcholine receptor
(�7nAChR)-induced activation of protein phosphatase
2B (PP2B), otherwise known as calcineurin, and protein
phosphatase 1 (PP1) enhances substrate affinity and
consequently increases STEP dephosphorylation of its
substrates (Fig. 3) (Paul et al., 2003; Snyder et al., 2005;
Valjent et al., 2005). The ability of PP1 to dephosphor-
ylate and activate STEP is also controlled by DARPP-32
(Valjent et al., 2005). When phosphorylated by cAMP-
dependent protein kinase (PKA), DARPP-32 inhibits
PP1 activity so that it no longer dephosphorylates or
activates STEP (Fig. 3). In this way, two parallel path-
ways converge to regulate STEP phosphorylation and
substrate binding: 1) direct phosphorylation of STEP by
PKA and 2) indirect regulation of STEP phosphorylation
via PKA-induced phosphorylation and activation of
DARPP-32, which in turn inhibit PP1 activity. As dis-
cussed in more detail in section V, STEP phosphoryla-
tion is attenuated in AD (Snyder et al., 2005; Kurup et
al., 2010) and enhanced in HD (Saavedra et al., 2011)
and after amphetamine treatment (Valjent et al., 2005).

B. Calpain-Mediated Cleavage

STEP61 is proteolytically cleaved by calpain between
residues Ser224 and Leu225 in the KIM domain (Fig. 2)
(Xu et al., 2009). Cleavage at this site produces a trun-
cated STEP product, STEP33, that cannot associate with
or dephosphorylate its substrates. In particular, proteo-
lytic cleavage of STEP after extrasynaptic NMDAR
stimulation results in the activation of one of STEP’s
substrates, p38, and initiates the cell death signaling
cascade (Figs. 4 and 5A) (Xu et al., 2009). When STEP33

is produced after extrasynaptic NMDAR stimulation,
p38 is no longer dephosphorylated and inactivated by
STEP61. As a result, p38 phosphorylation is enhanced
after activation of extrasynaptic NMDARs, and cell
death signaling pathways are initiated (Fig. 5A). Be-
cause the GluN2B-specific antagonist ifenprodil attenu-
ates the production of STEP33 after extrasynaptic
NMDAR stimulation, extrasynaptic GluN2B-containing
NMDARs seem to mediate cleavage of STEP61 (Xu et al.,
2009; Poddar et al., 2010). A peptide that spans the
STEP61 cleavage site blocks the proteolysis of STEP61
and is neuroprotective against glutamate excitotoxicity
and oxygen-glucose deprivation (Xu et al., 2009). These
findings demonstrate that treatments preventing the
cleavage of STEP61 may be useful in stroke/ischemia
(Gurd et al., 1999; Nguyen et al., 1999; Xu et al., 2009).

C. Dimerization

Within the hydrophobic region of the amino terminus
of STEP61, two cysteine residues (Cys65 and Cys76) me-
diate STEP dimerization (Fig. 2) (Deb et al., 2011).
Dimerization of STEP61, but not STEP46, occurs basally
and decreases its phosphatase activity. Dimerization is
achieved, at least in part, by the formation of intermo-
lecular disulfide bonds between these two cysteine resi-
dues (Deb et al., 2011). Upon hydrogen peroxide-induced
oxidative stress, further STEP61 dimerization occurs
and results in even less phosphatase activity. Although
STEP46 does not undergo basal dimerization, oxidative
stress can induce the formation of STEP46 oligomers
(Deb et al., 2011). Because oxidation of the active cys-
teine residue in the consensus tyrosine phosphatase se-

FIG. 3. Regulation of STEP phosphorylation. D1R activation stimulates cAMP synthesis and activates PKA, which phosphorylates STEP61 at
Ser221 in the KIM domain. Phosphorylation at Ser221 sterically inhibits the binding of STEP61 to its substrates. PKA also leads to phosphorylation and
activation of DARPP-32 at Thr34. When phosphorylated at this site, DARPP-32 inhibits PP1 activity, which is the phosphatase that dephosphorylates
Ser221 and promotes the interaction of STEP61 with its substrates. Conversely, NMDAR (or �7nAChR) stimulation initiates calcium influx and
activation of calcineurin/PP2B to dephosphorylate and inactivate DARPP-32, thereby reducing DARPP-32-mediated inhibition of PP1 and increasing
STEP61 activity by reducing phosphorylation of Ser221.
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quence also inhibits tyrosine phosphatase activity (Lee
et al., 1998), these findings may suggest a class of non-
competitive STEP inhibitors.

D. Ubiquitination

When multiple ubiquitin peptides are covalently at-
tached to proteins, they are selectively targeted to the
26S proteasome for degradation. Apart from its role in
normal cellular function, a growing body of literature
shows impairment of the ubiquitin proteasome system
(UPS) in CNS diseases, including AD, HD, schizophre-
nia, and Parkinson’s disease (for review, see Hegde,
2010). STEP61 is rapidly ubiquitinated and degraded
upon synaptic NMDAR activation (Fig. 5A) (Xu et al.,
2009), presumably to diminish STEP activity and permit
enhanced signaling of STEP substrates that promote
synaptic plasticity. For example, ERK1/2 phosphoryla-
tion is positively correlated with ubiquitination and deg-
radation of STEP61 after synaptic NMDAR activation,
and this is followed by nuclear translocation of ERK1/2
and increased gene transcription (Fig. 5A). These events
can have lasting effects on the formation and stabiliza-
tion of dendritic spines and therefore contribute to long-
term information storage. Although the molecular mech-
anisms underlying ubiquitination of STEP61 are still
incompletely understood, the amino-terminal region of
STEP61 contains two PEST sequences (Fig. 2) (Bult et
al., 1996), and these are often found in proteins de-

graded by the UPS (Spencer et al., 2004). Current inves-
tigations are aimed at addressing whether phosphoryla-
tion of residues adjacent to the PEST sequences and/or
other mechanisms are responsible for initiating STEP61
ubiquitination.

E. Local Translation

Local translation is the process by which certain mes-
sages are rapidly translated at distinct synaptic sites to
induce or maintain synaptic plasticity. Accordingly, the
expression of both long-term potentiation (LTP) and
metabotropic glutamate receptor (mGluR) long-term de-
pression (LTD) requires local dendritic translation (Huber
et al., 2000; Sutton and Schuman, 2006; Bramham and
Wells, 2007; Costa-Mattioli et al., 2009). It is now widely
accepted that the mRNAs important for these plastic
changes are transported along dendrites, where they re-
side in a suppressed state until the appropriate synaptic
stimulus permits their translation (Wu et al., 1998; Li et
al., 2001; Antar and Bassell, 2003; Shin et al., 2004; Bram-
ham and Wells, 2007). Recent evidence suggests that
STEP is a new member of the growing family of locally
translated proteins. STEP mRNA and protein are found in
puncta along dendrites and near PSDs in hippocampal
cultures. Moreover, STEP translation is up-regulated
within synaptoneurosomes after mGluR activation with
(R,S)-3,5-dihydroxyphenylglycine (DHPG), suggesting
that STEP is dendritically translated (Zhang et al., 2008).

FIG. 4. STEP substrates. When dephosphorylated at Ser221, STEP binds to and desphosphorylates ERK1/2, p38, Fyn, Pyk2, the NMDAR subunit
GluN2B, and the AMPAR subunit GluA2. STEP dephosphorylates the regulatory active sites on ERK1/2 (Tyr204/187), p38 (Tyr182), Fyn (Tyr420) and
Pyk2 (Tyr402) leading to their inactivation. STEP61 regulates the phosphorylation of GluN2B-containing NMDARs by two parallel mechanisms. First,
when Fyn is inactivated by STEP61, Fyn-mediated phosphorylation of GluN2B Tyr1472 is reduced. Second, STEP61 dephosphorylates GluN2B Tyr1472

directly. Dephosphorylation of Tyr1472 promotes the interaction of GluN2B with clathrin adaptor proteins and leads to endocytosis of these receptors.
It is noteworthy that in this model, dephosphorylation of GluN2B Tyr1472 is depicted to occur extrasynaptically, where clathrin adaptor proteins reside
to mediate receptor internalization. This event must occur with a prior signal triggering movement of GluN2B-containing receptors from synaptic sites
to extrasynaptic sites. Another possibility is that GluN2B Tyr1472 dephosphorylation occurs synaptically, and this event acts as the signal to trigger
lateral movement of GluN2B-containing receptors to extrasynaptic sites. Further work is required to address these two possibilities. In addition, Pyk2
is upstream of Fyn-mediated phosphorylation and enhancement of GluN2B-containing NMDARs. STEP61 is also required for the internalization of
GluA1/GluA2-containing AMPARs after mGluR stimulation. Although the molecular mechanisms underlying tyrosine-dependent internalization of
AMPARs remains incompletely understood, STEP61 seems to promote the endocytosis of AMPARs in a manner similar to that in which it promotes
NMDARs, by dephosphorylating a key tyrosine residue.
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FIG. 5. Disruptions in STEP associated with excitotoxicity, Alzheimer’s disease, and drugs of abuse. A, extrasynaptic NMDAR stimulation invokes
calpain-mediated proteolysis of STEP61 producing the truncated cleavage product STEP33. STEP33 is unable to bind to and dephosphorylate its
substrates. The stress-activated MAPK p38 is preferentially activated by extrasynaptic NMDAR stimulation, and the cell death pathways are
subsequently initiated. Cleavage of STEP61 is therefore likely to be a component of excitotoxic insults associated with stroke/ischemia and
Huntington’s disease. On the other hand, synaptic NMDAR stimulation leads to the activation of multiple kinases responsible for phosphorylating
STEP61 and recruiting the ubiquitin proteasome system to dendritic spines. Preliminary evidence suggests that phosphorylation of STEP61 at Ser221

is required, but not sufficient, for ubiquitination of STEP61 (P. Kurup and P. J. Lombroso, unpublished observations). Synaptic NMDAR stimulation
results in the degradation of STEP61, leads to an increase in ERK1/2 activation, and promotes neuronal survival. Ub, ubiquitin. B, in Alzheimer’s
disease, A� binding to �7nAChRs and synaptic NMDAR stimulation invoke activation of PP2B/calcineurin and PP1 to dephosphorylate STEP61 at
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The increase in STEP protein occurs in a dose- and time-
dependent manner and requires activation of the mitogen-
activated protein kinase (MAPK) and phosphoinositide-3
kinase pathways, both of which are required for mGluR-
stimulated translation and LTD. Moreover, the DHPG-
mediated increase in STEP translation occurs primarily
through mGluR5 activation, because the mGluR5 inhibi-
tor, 2-methyl-6-(phenylethynyl)-pyridine, but not the
mGluR1 inhibitor, (S)-(�)-�-amino-4-carboxy-2-methyl-
benzeneacetic acid (LY367385), blocks STEP translation.
Taken together, these observations establish that STEP is
rapidly translated in dendrites via mGluR5 receptor,
MAPK, and phosphoinositide-3 kinase pathways (Zhang et
al., 2008) and support findings demonstrating that a ty-
rosine phosphatase is necessary for the expression of
mGluR-LTD (Moult et al., 2006).

Stimulation of �-adrenergic receptors also induces the
translation of STEP (Hu et al., 2007). �-Adrenergic stim-
ulation results in persistent LTP-like changes in the
hippocampus and amygdala (Huang and Kandel, 1996;
Watabe et al., 2000; Gelinas and Nguyen, 2005) and
enhances memory formation in some rodent learning
paradigms (Ferry and McGaugh, 1999; Gibbs and Sum-
mers, 2000; LaLumiere et al., 2003). Activation of �-ad-
renergic receptors with isoproterenol enhances STEP
protein levels in a dose- and translation-dependent man-
ner (Hu et al., 2007). Increased STEP levels after �-ad-
renergic activation may seem counterintuitive because
one might expect STEP degradation to occur during
memory consolidation. One possible explanation for this
paradox is that newly synthesized STEP might limit the
duration of ERK1/2 signaling initiated by �-adrenergic
receptor stimulation in a negative feedback loop (Hu et
al., 2007).

Two proteins proposed to regulate dendritically trans-
lated mRNAs are cytoplasmic polyadenylation element
(CPE) binding protein (CPEB) and fragile X mental re-
tardation protein (FMRP) (Wu et al., 1998; Antar and
Bassell, 2003). The 3� untranslated region (UTR) of
STEP contains two CPEs similar to those found in
�CaMKII mRNA, a well characterized message regu-
lated by CPEB (Wu et al., 1998; Rook et al., 2000; Huang
et al., 2003), suggesting that the local translation of
STEP may be regulated by CPEB. Support for this hy-
pothesis comes from a recent microarray study that
identified STEP as a potential CPEB-regulated mRNA
(Piqué et al., 2008). Likewise, FMRP binds to mRNAs
via a consensus G-quartet sequence in the 3� UTR of the
messages it represses (Darnell et al., 2001). The 3� UTR

of STEP contains a potential G-quartet sequence that is
remarkably similar to a sequence proposed to bind to
FMRP. Furthermore, high-throughput sequencing of
RNA isolated by cross-linking immunoprecipitation to
identify endogenous mRNA targets of FMRP in neurons
reveals a highly significant association of STEP mRNA
with FMRP across seven independent experiments (p �
9.97 �10�5), including use of two different FMRP anti-
bodies and multiple biological replicates (Darnell et al.,
2011). In summary, these collective findings suggest
that STEP mRNA associates with and may be repressed
by CPEB and FMRP in dendrites until the appropriate
stimuli, such as mGluR5 or �-adrenergic receptor stim-
ulation, releases that suppression to permit local trans-
lation.

Although the mechanism behind transport of mRNAs
and binding proteins to sites of dendritic translation
remains unknown, recent findings demonstrate that
major vault protein (MVP), a large ribonucleoprotein
cargo particle, is localized to the nucleus-neurite axis
alongside microtubules and intracellular organelles,
such as free and attached ribosomes (Paspalas et al.,
2009). Moreover, MVP associates with several mRNAs,
including STEP, that are translated in response to syn-
aptic activity, suggesting that MVP shuttles mRNA
cargo to dendrites for local translation (Paspalas et al.,
2009). It is likely that MVP also carries binding proteins
such as CPEB and FMRP. Future work is required to
rigorously address this hypothesis and solidify the role
of MVP in transporting mRNAs to sites of dendritic
translation.

IV. Striatal-Enriched Protein Tyrosine
Phosphatase Substrates

A. Mitogen-Activated Protein Kinase Family

Two members of the MAPK family are known STEP
substrates: ERK1/2 and p38 (Muñoz et al., 2003; Paul et
al., 2003; Poddar et al., 2010). ERK1/2 regulates electri-
cal membrane properties (via the Kv4 channel family
and subsequent NMDAR activation), local dendritic pro-
tein synthesis, nuclear transcriptional regulation, neu-
ronal survival, and the formation and stabilization of
dendritic spines (for review, see Sweatt, 2004). Conse-
quently, ERK1/2 is critical for the induction and main-
tenance of synaptic plasticity. ERK1/2 activation is
achieved via phosphorylation of Thr202/185 and Tyr204/187

in its activation loop by a class of dual-specificity ki-
nases, MAPK kinases (Robinson and Cobb, 1997). When

Ser221, thereby increasing the affinity of STEP61 for its substrates. In a second pathway, A� inhibits the ubiquitin proteasome system and prevents
degradation of STEP61. The net result is an accumulation of unphosphorylated and active STEP61 protein levels in AD, which leads to inappropriate
dephosphorylation of GluN2B Tyr1472 and internalization of GluN2B-containing NMDARs. C, drugs of abuse, such as amphetamine, stimulate release
of dopamine and glutamate and activate D1Rs and NMDARs, respectively. Stimulation of D1Rs initiates PKA-mediated phosphorylation of STEP61
and DARPP-32, which in turn inhibits PP1 activity. These two parallel pathways result in greater phosphorylation of STEP61 and less dephosphor-
ylation of STEP61 substrates, including ERK1/2. A converging pathway is the NMDAR-mediated activation of MAPK kinase to phosphorylate and
activate ERK1/2. Increased phosphorylation of ERK1/2 subsequently initiates gene transcription and promotes neuroadaptive changes that underlie
behavioral abnormalities associated with drugs of abuse.
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phosphorylated, one function of ERK1/2 is to initiate
transcription through activation of the transcription fac-
tors CREB and Elk1 in the nucleus (Davis et al., 2000).
STEP dephosphorylates Tyr204/187 and consequently in-
activates ERK1/2 (Fig. 4), thereby limiting the duration
of ERK1/2 activity after NMDAR stimulation (Paul et
al., 2003; Valjent et al., 2005). Recent findings by Paul
and Connor (2010) establish a role specifically for
GluN2B-containing receptors in mediating the dephos-
phorylation of both STEP and ERK1/2 after transient
influx of calcium after glutamate stimulation.

The formation of fear memories and the expression of
synaptic plasticity in the lateral amygdala require nuclear
translocation of ERK1/2 and subsequent gene transcrip-
tion (Schafe et al., 2000). As discussed, STEP normally
opposes these processes by dephosphorylation and inacti-
vation of ERK1/2 (Paul et al., 2007). Infusion of a sub-
strate-trapping membrane-permeable fusion protein of
STEP46 (TAT-STEPC-S) in the lateral amygdala of rats
inhibits Pavlovian fear conditioning. This mutant STEP
protein binds to its substrates, including ERK1/2, but can-
not dephosphorylate or release them, thereby disrupting
their downstream signaling. Moreover, the induction of
LTP and nuclear translocation of ERK1/2 is blocked by
bath application of TAT-STEPC-S to amygdala slices. To-
gether, these findings confirm a role for STEP in opposing
the formation of fear memories and in regulating synaptic
plasticity (Paul et al., 2007).

STEP KO mice further establish that ERK1/2, among
others, is a STEP substrate (Venkitaramani et al.,
2009). These mice are viable, seem healthy, and exhibit
normal fertility. STEP KO mice appear to have normal
neuroanatomy, exhibiting no gross anatomical altera-
tions in the striatum, hippocampus, or amygdala rela-
tive to wild-type (WT) littermates. As predicted, no per-
ceptible levels of STEP protein are observed in total
cerebral homogenates of STEP KO mice, whereas mice
heterozygous for STEP express approximately 50% of
STEP protein of that expressed by WT littermates (Ven-
kitaramani et al., 2009).

ERK1/2 phosphorylation is significantly elevated in the
striatum, hippocampus, and central/lateral amygdala of
STEP KO mice compared with WT littermates (Venkitara-
mani et al., 2009, 2011), providing additional support for
the regulation of ERK1/2 by STEP. DHPG normally en-
hances phosphorylation and activation of ERK1/2 (Kim et
al., 2008a), and this is more pronounced in STEP KOs
relative to WT, suggesting that STEP limits the activation
of ERK1/2 after mGluR stimulation (Venkitaramani et al.,
2009). Downstream of ERK1/2 activation, the transcrip-
tion factors CREB and Elk1 are also hyperphosphorylated
in STEP KOs compared with WT mice (Venkitaramani et
al., 2011). Thus, alterations in STEP levels and/or activity
can have a lasting impact on gene transcription via its
regulation of ERK1/2.

Whereas ERK1/2 promotes learning and cell survival,
p38 plays a role in excitotoxic cell death (Hardingham et

al., 2002; Ivanov et al., 2006; Léveillé et al., 2008). Sim-
ilar to ERK1/2, activation of p38 is achieved by dual
phosphorylation at Thr180 and Tyr182. Upon phosphory-
lation, p38 initiates the cell death signaling cascades by
phosphorylating Bcl-2 and regulating other proapoptotic
proteins and transcription factors (for review, see
Cuadrado and Nebreda, 2010). STEP dephosphorylates
Tyr182 and consequently inactivates p38 (Fig. 4) (Muñoz
et al., 2003; Xu et al., 2009; Poddar et al., 2010). Pro-
longed glutamate stimulation results in activation of
extrasynaptic NMDARs and cleavage of STEP61, which
promotes phosphorylation of p38 (Fig. 5A) (Xu et al.,
2009). Conditions associated with excitotoxicity, such as
HD and ischemic neuronal injury, are affiliated with
hyperphosphorylation of p38, as well as decreased
STEP61 levels and/or activity (Xu et al., 2009; Saavedra
et al., 2011).

The ability of STEP to regulate two opposing MAPKs,
ERK1/2 and p38, may seem puzzling; however, Xu et al.
(2009) resolve this apparent paradox (Fig. 5A). As dis-
cussed above in section III, extrasynaptic NMDAR stimu-
lation triggers calpain-mediated cleavage of STEP61 that
selectively activates p38 and promotes cell death. In con-
trast, synaptic NMDAR stimulation leads to ubiquitina-
tion and degradation of STEP61 and subsequent ERK1/2
activation. These events seem to be mechanistically dis-
tinct because extrasynaptic NMDAR-mediated cleavage
and inhibition of STEP61 fail to activate ERK1/2. Perhaps
the answer to this conundrum lies in the subcellular local-
ization of p38 and ERK1/2. Specifically, p38 is more con-
centrated in extrasynaptic membranes compared with
synaptic membranes, so extrasynaptic stimulation could
lead to the selective cleavage of the extracellular pool of
STEP (Xu et al., 2009). Alternatively, it is possible that
extrasynaptic NMDAR stimulation promotes dominant
ERK-inactivating signals that supersede STEP cleavage
(Hardingham and Bading, 2010). Nonetheless, STEP’s role
in regulating ERK1/2 and p38 after synaptic and extrasyn-
aptic NMDAR activation, respectively, probably explains
why extrasynaptic stimulation promotes cell death,
whereas synaptic stimulation promotes cell survival (Xu et
al., 2009).

B. Glutamate Receptors and Fyn

STEP regulates the phosphorylation and surface expres-
sion of both NMDARs and AMPARs (Fig. 4) (Snyder et al.,
2005; Braithwaite et al., 2006; Zhang et al., 2008; Kurup et
al., 2010; Zhang et al., 2010; Venkitaramani et al., 2011).
In the case of NMDARs, STEP modulates the phosphory-
lation of the GluN2B subunit by two parallel pathways: by
direct dephosphorylation of GluN2B Tyr1472 (Snyder et al.,
2005; Kurup et al., 2010) and indirectly via dephosphory-
lation and inactivation of the SFK Fyn (Nguyen et al.,
2002) (Fig. 4). Phosphorylation of Tyr1472 tightly and dy-
namically regulates the surface expression of GluN2B.
Tyr1472 resides within a conserved tyrosine-dependent en-
docytic motif (YXXO: X � any amino acid, O � bulky
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hydrophobic amino acid) (Roche et al., 2001). When de-
phosphorylated, the tyrosine residue in this motif binds to
clathrin adapter proteins via strong hydrophobic interac-
tions and promotes endocytosis (for review, see Marsh and
McMahon, 1999). In agreement, the phosphorylation of
Tyr1472 and association of clathrin adapter proteins with
GluN2B are inversely correlated (Nakazawa et al., 2006).
Given that STEP directly interacts with NMDARs (Pelkey
et al., 2002; Braithwaite et al., 2006) and dephosphorylates
Tyr1472 (Snyder et al., 2005; Kurup et al., 2010), STEP
probably promotes the interaction of GluN2B with clathrin
adapter proteins to initiate endocytosis. Corroborating this
hypothesis, the surface expression of GluN1/GluN2B re-
ceptor complexes is elevated in STEP KO mice (Zhang et
al., 2010; Venkitaramani et al., 2011).

Full activation of Fyn is achieved by intermolecular
autophosphorylation of a regulatory tyrosine residue,
Tyr420, in its catalytic domain (Smart et al., 1981). When
active, Fyn phosphorylates GluN2B at three sites,
Tyr1252, Tyr1336, and Tyr1472 (Nakazawa et al., 2001),
and all of these are phosphorylated in the brain (Goebel-
Goody et al., 2009). STEP inactivates Fyn by dephospho-
rylating Tyr420 (Fig. 4) (Nguyen et al., 2002), thereby
reducing Fyn-mediated phosphorylation of GluN2B.
Given that Tyr1472 is the only site hyperphosphorylated
in STEP KO mice (Zhang et al., 2010; Venkitaramani et
al., 2011; T. R. Hicklin and M. D. Browning, unpublished
observations), it seems that the other Fyn-mediated
phosphorylation sites are not regulated by STEP. Taken
together, endocytosis of GluN2B-containing NMDARs is
regulated by STEP via two converging parallel path-
ways involving direct dephosphorylation of Tyr1472 and
indirect regulation of Tyr1472 via Fyn.

STEP’s regulation of surface NMDARs affects their
function (Pelkey et al., 2002). In particular, STEP appli-
cation decreases NMDAR excitatory postsynaptic cur-
rents (EPSCs) and prevents the induction of high-fre-
quency stimulation (HFS) LTP. In contrast, inhibiting
endogenous STEP with an anti-STEP antibody en-
hances NMDAR EPSCs and occludes HFS LTP. These
effects are prevented by the noncompetitive NMDAR
antagonist dizocilpine (MK801) and by a Src inhibitory
peptide (Src40–58), suggesting that STEP acts as a
“tonic brake” on synaptic transmission by opposing SFK-
mediated enhancement of NMDARs (Pelkey et al.,
2002). Congruent with these findings, �-burst LTP is
significantly increased in hippocampal slices from STEP
KO mice relative to WT (Zhang et al., 2010). Therefore,
the current model of STEP function proposes that STEP
activity must be suppressed either by degradation of
STEP or phosphorylation in the KIM domain in order for
LTP to be observed. Ongoing efforts are directed at
confirming the mechanism whereby STEP is repressed
during LTP induction.

An additional level of complexity is that the focal
adhesion kinase family kinase Pyk2/CAK� also seems to
be a substrate of STEP (Fig. 4) (Xu et al., 2010; Ven-

kitaramani et al., 2011). Pyk2 is upstream of SFK-me-
diated phosphorylation and enhancement of NMDARs
(Huang et al., 2001). When Pyk2 is activated by tyrosine
phosphorylation at Tyr402, it phosphorylates and acti-
vates Fyn, which in turn phosphorylates GluN2B at
Tyr1472. Thus, the consequence of Pyk2 activation is
greater tyrosine phosphorylation and increased surface
expression of NMDARs (Besshoh et al., 2005; Le et al.,
2006). Likewise, Pyk2 activation results in enhanced
ERK1/2 phosphorylation (Nicodemo et al., 2010). Inhib-
itors of Pyk2 block the induction of LTP (Huang et al.,
2001), demonstrating an important role for Pyk2 in the
expression of synaptic plasticity. On the other hand,
STEP-mediated dephosphorylation of Pyk2 would op-
pose these processes. In line with this model, Pyk2 is
hyperphosphorylated at Tyr402 in STEP KO mice (Ven-
kitaramani et al., 2011).

STEP also seems to be the tyrosine phosphatase that
mediates phosphorylation and internalization of AMPARs
after mGluR stimulation (Zhang et al., 2008). Tyrosine
phosphorylation of the GluA2 subunit is reduced after
stimulation of mGluRs with DHPG (Moult et al., 2006;
Gladding et al., 2009). The DHPG-induced dephosphoryla-
tion of GluA2 is diminished in the presence of TAT-
STEPC-S, suggesting a requirement for STEP (Zhang et al.,
2008). In conjunction with tyrosine dephosphorylation of
GluA2, surface GluA1/GluA2 levels are reduced after
DHPG treatment (Snyder et al., 2001; Moult et al., 2006;
Zhang et al., 2008; Gladding et al., 2009). DHPG-mediated
AMPAR endocytosis is abolished in STEP KO hippocam-
pal slices and cultures and restored with the addition of a
wild-type TAT-STEP fusion protein to STEP KO neurons
(Zhang et al., 2008). These findings point to the following
model: STEP is activated during mGluR stimulation to
dephosphorylate GluA2-containing receptors and promote
their endocytosis (Fig. 4). Consistent with this model, the
surface expression of GluA1/GluA2-containing AMPARs is
significantly elevated in STEP KO mice (Zhang et al.,
2008; Venkitaramani et al., 2011). Although GluA2 does
seem to be phosphorylated by SFKs (Hayashi and
Huganir, 2004), it remains unknown whether the regula-
tion of GluA2 tyrosine phosphorylation by STEP is direct
or indirect via SFKs or whether both mechanisms are
involved.

Scholz et al. (2010) recently shed some light on the
molecular mechanisms governing AMPAR endocytosis
after mGluR activation and report findings supporting
the hypothesis that tyrosine dephosphorylation plays a
role. They demonstrate that GluA2 directly interacts
with the synaptic protein BRAG2, which is guanine-
exchange factor for the GTPase Arf6. BRAG2 is a syn-
aptically localized protein with a similar developmental
profile and subcellular distribution as GluA2. When ac-
tivated by BRAG2, Arf6 recruits adaptor protein-2 and
clathrin to synaptic membranes (Krauss et al., 2003),
thereby promoting endocytosis of GluA2 (Scholz et al.,
2010). Arf6 activation requires dephosphorylation of
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GluA2 Tyr876 by an unknown tyrosine phosphatase.
Linking STEP to the activation of Arf6 and endocytosis
of GluA2 is the subject of current investigation.

C. Behavioral Implications for the Regulation of
Striatal-Enriched Protein Tyrosine
Phosphatase Substrates

As discussed above, the loss of STEP results in hyper-
phosphorylation of STEP substrates (Venkitaramani et
al., 2009, 2011; Zhang et al., 2010). In the case of
NMDARs and AMPARs, increased tyrosine phosphory-
lation results in greater surface expression of these re-
ceptors in STEP KOs, presumably as a result of reduced
clathrin-mediated endocytosis and/or greater stability of
these receptors in membrane compartments. As for
ERK1/2, Fyn, and Pyk2, hyperphosphorylation in STEP
KO mice likely leads to exaggerated activation of these
enzymes. The loss of STEP might therefore benefit cog-
nition by increasing the activation of some STEP sub-
strates concomitantly with enhancing the surface ex-
pression of NMDARs and AMPARs.

To test this hypothesis, STEP KO mice have been
characterized in hippocampal- and amygdala-dependent
behavioral paradigms (Venkitaramani et al., 2011; P.
Olausson, J. Taylor, and P. J. Lombroso, unpublished
observations). Although STEP KO mice trained in a
hippocampus-dependent Morris water maze task do not
differ from WT mice in spatial memory acquisition,
STEP KO mice perform significantly better than WT
during a reversal training task in the water maze (Ven-
kitaramani et al., 2011). The fact that STEP KO mice
outperform WT mice in a reversal task suggests that
STEP KO mice exhibit a greater degree of cognitive
flexibility. STEP KO mice also outperform WT mice in a
water-escape motivated radial arm maze, which simul-
taneously tests spatial working and reference memory.
During water-escape motivated radial arm maze task
acquisition (the first 2 days of training), STEP KO mice
commit fewer reference and working memory errors
compared with WT mice (Venkitaramani et al., 2011).

To extend these findings, STEP KO and WT were
tested in an amygdala-dependent behavioral paradigm
(P. Olausson, J. Taylor, and P. J. Lombroso, unpublished
observations). Specifically, mice were trained on an op-
erant task requiring an instrumental response, followed
by cued fear conditioning training. Mice were then
tested for instrumental performance in the presence of
the fear-associated stimulus. Compared with WT, STEP
KO mice exhibit a greater degree of fear memory, as
measured by suppression of the instrumental response.
Taken together, the behavioral characterization of
STEP KO mice indicates that deletion of STEP clearly
benefits certain aspects of cognitive function. It is note-
worthy that enhanced cognitive function in STEP KO
mice relative to WT mice is not influenced by certain
nonmnemonic factors. For example, STEP KO mice do
not differ from WT mice in some behavioral paradigms

testing anxiety, motor coordination, and motor learning
(Venkitaramani et al., 2011).

The data showing that STEP KO mice outperform WT
mice in several tasks are consistent with studies show-
ing that transgenic mice with increased phosphorylation
and/or activation of STEP substrates benefits cognition.
For example, overexpression of GluN2B in the mouse
forebrain yields enhanced spatial memory in a Morris
water maze, fear memory, and object recognition mem-
ory compared with WT mice (Tang et al., 1999). More-
over, transgenic mice that overexpress forebrain type I
adenylyl cyclase, which gives rise to enhanced ERK1/2
activation, exhibit enhanced object memory relative to
WT mice (Wang et al., 2004). In addition, transgenic
mice deficient in the immune receptor TRL3 exhibit
increased hippocampal ERK1/2 and GluR1 signaling
and show superior spatial working memory in a Morris
water maze task compared with WT mice (Okun et al.,
2010). Taken together, the fact that genetic elimination
of STEP improves some aspects of learning and memory
is probably due to increased activation of ERK1/2, Fyn,
and Pyk2 as well as increased surface expression of
NMDARs and AMPARs.

V. Dysregulation of Striatal-Enriched Protein
Tyrosine Phosphatase in Neuropsychiatric Disorders

The first decade of STEP research elucidated the mo-
lecular mechanisms and post-translational modifica-
tions that regulate STEP’s activity and translation.
More recently, considerable effort has been dedicated to
understanding how STEP dysregulation contributes to
the pathophysiology of neuropsychiatric disorders. In
some cases, STEP protein and/or activity is up-regulated
(AD, SZ, FXS, epileptogenesis, and alcohol-induced
memory loss) (Table 1). In others, STEP protein and/or
activity is down-regulated (HD, drug abuse, stroke/isch-
emia, and inflammatory pain) (Table 1). Here we will
review the abnormalities in STEP that have been docu-
mented in neuropsychiatric disorders over the past sev-
eral years and discuss the potential therapeutic impli-
cations of these findings. It is important to emphasize
that STEP is one of 400 proteins localized within den-
dritic spines, and disruptions in many of these proteins
likely contribute to the pathophysiology of neuropsychi-
atric disorders. Even so, by increasing our understand-
ing of STEP’s involvement in these disorders, we hope to
uncover converging properties that account for synapto-
pathological conditions in mental illness.

A. Alzheimer’s Disease

AD is a debilitating neurodegenerative disorder asso-
ciated with memory impairments, and it is estimated
that 80 million people worldwide will have AD by 2040
(Forlenza et al., 2010). Characteristic features of AD
include hyperphosphorylation of �, accumulation of
�-amyloid (A�), and the formation of amyloid plaques,
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all of which have been implicated in synaptic loss and
cognitive decline (Hardy and Selkoe, 2002; Lacor et al.,
2004). Excess A� attenuates NMDAR EPSCs, reduces
LTP, and facilitates LTD (Kim et al., 2001; Selkoe, 2002;
Snyder et al., 2005), suggesting that the effects of A� on
synaptic plasticity are responsible, at least in part, for
the cognitive decline observed in AD. Recent findings
establish that A� modulates STEP via two parallel path-
ways that are not mutually exclusive (Fig. 5B): 1) de-
phosphorylation of STEP61 at Ser221 by A�-induced ac-
tivation of PP2B/calcineurin and PP1 (Snyder et al.,
2005), and 2) reduced degradation of STEP61 via A�-
mediated inhibition of the UPS (Kurup et al., 2010). In
both instances, elevated levels of A� result in up-regu-
lation of STEP activity and consequently lead to de-
creased phosphorylation and surface expression of
GluN2B-containing NMDARs, as well as reduced cogni-
tive ability (Kurup et al., 2010; Zhang et al., 2010).

In the dephosphorylation pathway, A� binding to the
�7 nicotinic receptor and NMDAR stimulation initiates
calcium influx into neurons, which in turn activates
PP2B/calcineurin and PP1 and triggers subsequent de-

phosphorylation of STEP61 at the regulatory Ser221 (Fig.
5B) (Dineley et al., 2001; Stevens et al., 2003; Snyder et
al., 2005). As a result, the affinity of STEP61 for its
substrates is thereby increased (Paul et al., 2003). At the
same time, A� impairs the UPS, and STEP61 protein
levels are elevated as a result of reduced degradation by
the proteasome (Kurup et al., 2010). Consistent with
these findings, increased STEP61 protein levels are ob-
served in three mouse models of AD (Tg-2576, J20, 3xTg-
AD) (Chin et al., 2005; Kurup et al., 2010; Zhang et al.,
2010) and in the prefrontal cortex of patients with AD
(Kurup et al., 2010). Regardless of which pathway is
activated, the net result is the same: A� increases the
level of active STEP61 in the brain and leads to inappro-
priate dephosphorylation of GluN2B Tyr1472 and inter-
nalization of GluN2B-containing NMDARs (Snyder et
al., 2005; Kurup et al., 2010; Zhang et al., 2010).

Together, these studies suggest a critical role for STEP
in mediating the aberrant endocytosis of NMDARs in AD
and implicate STEP as a potential target for AD drug
discovery. To show proof of concept for this hypothesis,
Zhang et al. (2010) generated an AD mouse model (triple

TABLE 1
Neuropsychiatric disorders associated with changes in STEP

Phosphorylation of STEP at the regulatory serine site in the KIM domain reduces the affinity of STEP for its substrates leading to less dephosphorylation by STEP.

Disorder STEP Abnormalities Associated with the
Disorder Remarks References

Alzheimer’s disease Phosphorylation2
Protein levels1

A� binds to �7nAChRs and triggers activation
of PP2B/calcineurin and PP1 to
dephosphorylate STEP61; increased STEP61
protein levels are due to A�-induced
inhibition of the ubiquitin proteasome
system; genetic reduction of STEP
attenuates cognitive, biochemical, and
electrophysiological deficits in AD mice

Snyder et al., 2005; Kurup
et al., 2010; Zhang et al.,
2010

Schizophrenia Protein levels1 STEP KOs are resistant to PCP-induced
hyperlocomotion and cognitive deficits;
neuroleptics lead to STEP61
phosphorylation and promote
phosphorylation and activation of STEP
substrates

Correa et al., 2009; Carty et
al., 2010

Fragile X syndrome Protein levels1 STEP mRNA associates with the RNA-binding
protein FMRP; absence of FMRP increases
translation of STEP61; STEP deletion
reduces audiogenic seizures in Fmr1 KO
mice

Goebel-Goody et al., 2010;
Darnell et al., 2011

Epileptogenesis Protein expression in inhibitory hilar
interneurons—High

Expression in inhibitory interneurons
prevents ERK1/2 activation and promotes
cell death; STEP KOs are more resistant to
pilocarpine-induced SE

Choi et al., 2007; Briggs et
al., 2011

Alcohol-induced
memory loss

Activity1 STEP contributes to the ethanol-induced
inhibition of NMDAR function, LTP, and
fear conditioning

Alvestad et al., 2003; Wu et
al., 2010; Hicklin et al.,
2011

Huntington’s disease mRNA2 Protein2 Phosphorylation1 STEP increases vulnerability of neurons to
undergo cell death

Saavedra et al., 2011

Drugs of abuse Phosphorylation1 Increased STEP61 phosphorylation is
associated with greater ERK1/2
phosphorylation; infusion of TAT-STEPC-S
into VLS prevents amphetamine-induced
behavioral stereotypies

Valjent et al., 2005; Tashev
et al., 2009

Stroke/ischemia mRNA in CA1/2 after global ischemia2
mRNA post-tMCAO2
mRNA in DG1

STEP61 is cleaved into STEP33 after tMCAO;
use of competitive peptide spanning
cleavage site attenuates cell death after
glutamate excitotoxicity or oxygen-
deprivation models

Braithwaite et al., 2008; Xu
et al., 2009

Inflammatory pain Interaction with Fyn2 Reduced STEP61-Fyn association leads to
phosphorylation and activation of Fyn as
well as phosphorylation of GluN2B Tyr1472

Yang et al., 2011
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transgenic: 3xTg-AD) that is null for STEP. At 6 months
old, 3xTg-AD mice normally show impairments in spatial
reference memory, spatial working memory, and nonspa-
tial hippocampus-dependent memory (Billings et al.,
2005). Deletion of STEP reverses these cognitive deficits,
given that double mutant mice (3xTg-AD/STEP KO) of
similar age perform as well as WT in these tasks (Zhang et
al., 2010). Moreover, the surface expression of GluN1/
GluN2B receptors is restored to WT levels in double mu-
tant mice, and hippocampal �-burst LTP is enhanced in the
double mutant mice compared with 3xTg-AD. Taken to-
gether, these findings demonstrate that genetic elimina-
tion of STEP reverses the cognitive, biochemical, and elec-
trophysiological deficits associated with 3xTg-AD mice. An
important discovery is that these changes occur without
any alteration in A� expression or phosphorylated � in the
double mutant compared with 3xTg-AD mice (Zhang et al.,
2010), suggesting that eliminating STEP is sufficient to
improve cognitive function in the early stages of AD even
in the presence of excess A� or phosphorylated �. Although
further studies are needed to determine whether the res-
cue persists over time (e.g., in aged AD mice null for STEP)
or the optimal period for intervention (e.g., early versus
late in AD progression), these results validate STEP as a
potential target for drug discovery in AD.

Given that excess A� levels oftentimes precedes de-
mentia, it is possible that changes in STEP and/or STEP
substrates could be used as biomarkers for the early
diagnosis of AD or to determine therapeutic efficacy
(Forlenza et al., 2010). The most consistent biomarkers
in current use for AD are the cerebrospinal fluid (CSF)
concentrations of A�42, total �, and phosphorylated �.
Low CSF concentrations of A�42, which are reflective of
A�42 accumulating in the brain, and high CSF concen-
trations of total and phosphorylated � are hallmark fea-
tures of patients with AD, and these have been widely
accepted to have good diagnostic accuracy for predicting
dementia outcome (Forlenza et al., 2010). Nonetheless,
given the heterogeneity of AD with persons with mild
cognitive impairment and the invasive nature of obtain-
ing CSF samples, the search for alternative biomarkers
is essential. Perhaps STEP or STEP substrates could be
assessed as biomarkers for early diagnosis or to deter-
mine the efficacy of a particular therapeutic strategy.

In support of this idea, the phosphorylation of ERK in
lymphocytes from human peripheral blood has already
been proposed as a biomarker to measure metabolic
status for persons with FXS (Weng et al., 2008), so it is
conceivable that ERK activation could be assessed in the
CSF of patients with AD. Moreover, advancements in
induced pluripotent stem cell technology may provide
another assay to evaluate STEP function. Alternatively,
it might be possible to use positron emission tomography
neuroimaging technology with radioactively labeled
compounds that target surface NMDARs. The prediction
would be that surface labeled NMDARs would be re-
duced in patients with AD. An ongoing challenge would

be to use the knowledge of STEP’s involvement in the
pathophysiology of AD to accurately discriminate be-
tween those with mild cognitive impairment who will
ultimately progress to AD and healthy persons with
nonprogressive cognitive impairment. A more practical
possibility may be to use these techniques to assay real-
time biochemical tracking of NMDAR surface expression
and predict the likelihood of response to a STEP inhibitor.

B. Schizophrenia

SZ has a complex etiology, where genetics, the envi-
ronment, and neuronal dysfunction all are contributing
factors (Tsuang et al., 2001; for review, see Lewis and
Levitt, 2002). Patients with SZ are plagued with positive
symptoms (e.g., hallucinations, delusions), negative
symptoms (e.g., flat affect, withdrawal), and cognitive
deficits, and nearly 1% of the world’s population older
than 18 is afflicted with the disorder. One proposed
mechanism implicated in the behavioral manifestation
of SZ is NMDAR hypofunction (Goff and Coyle, 2001).
Consistent with this hypothesis, postmortem studies of
SZ brains show abnormalities in glutamate receptor
density in the prefrontal cortex, thalamus, and temporal
lobe (Gao et al., 2000; Ibrahim et al., 2000), and mice
with reduced NMDAR expression have some SZ-like
behaviors on cognitive tasks (Belforte et al., 2010).
Moreover, SZ-like symptoms occur in persons who ingest
the psychotomimetic drugs phencyclidine (PCP) or ket-
amine, which are both noncompetitive NMDAR antago-
nists (Rosenbaum et al., 1959; Javitt and Zukin, 1991;
Krystal et al., 1994). Likewise, rodent models of SZ
include injection of either PCP or the irreversible open
channel NMDAR blocker MK801 (Moghaddam et al.,
1997; Harris et al., 2003; Mouri et al., 2007; Bubenikova-
Valesova et al., 2009).

The prevalent glutamate hypothesis of SZ posits that
decreased neuronal surface expression of NMDARs con-
tributes to the behavioral abnormalities (Gao et al.,
2000; Ibrahim et al., 2000). Congruent with this hypoth-
esis, genetic studies have implicated neuregulin (NRG1), a
growth factor that promotes phosphorylation and reten-
tion of surface-bound NMDARs and its receptor ErbB4
(Bjarnadottir et al., 2007; Barros et al., 2009; but see also
Pitcher et al., 2011) in the disease progression of SZ (Ste-
fansson et al., 2002). One model proposes that NRG1/
ErbB4 signaling normally activates Fyn and promotes
phosphorylation of GluN2B Tyr1472 (Bjarnadottir et al.,
2007), presumably leading to greater surface expression
and function of NMDARs. Consistent with this hypothesis,
NRG1/ErbB4 signaling promotes synaptic incorporation
of NMDARs via NRG1/ErbB4-stimulated binding of
PSD-95 to Erbin (Barros et al., 2009). Mutations in
NRG1, as seen in patients with SZ (Stefansson et al.,
2002), could therefore result in less Fyn-mediated phos-
phorylation of Tyr1472 and hypofunction of NMDARs. In
agreement, Tyr1472 phosphorylation is reduced in mice
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heterozygous for NRG1, an effect that is rescued by the
neuroleptic clozapine (Bjarnadottir et al., 2007).

It is important to mention that another model has
been put forth to explain hypofunction of NMDARs in
SZ. In this model, stimulation of NRG1 attenuates
NMDAR activation by suppressing Src-mediated poten-
tiation of NMDARs and phosphorylation of GluN2B
(Pitcher et al., 2011), and overactivation of NRG1 in SZ
therefore leads to NMDAR hypofunction (Hahn et al.,
2006). One distinction to note is that the work of Pitcher
et al. (2011) examines the effect of NRG1 on Src,
whereas Bjarnadottir et al. (2007) identifies the effect of
NRG1 on Fyn. Although these are both SFKs, it is pos-
sible that there is differential involvement of these ki-
nases with NRG1 that mediates the effects on NMDARs.
Although these two models are seemingly contradictory,
reduced surface expression, phosphorylation, and/or
function of NMDARs probably contribute to the hypo-
function of glutamatergic synapses in SZ. Further re-
search that rigorously addresses the molecular basis
behind NRG1/ErbB4 signaling in SZ is required.

One possible explanation that may account for NMDAR
hypofunction in SZ is up-regulation of STEP61 protein
and/or activity. Accordingly, STEP61 protein levels are
significantly increased in the anterior cingulate cortex of
patients with SZ (Carty et al., 2010). Moreover, STEP
KO mice show reduced PCP-induced locomotor activity
and less PCP-induced cognitive deficits than WT (Correa
et al., 2009). These findings suggest that genetic elimi-
nation of STEP is protective against the psychotomi-
metic effects of PCP.

Given that some patients with SZ show improvement
upon treatment with antipsychotic medications, a logi-
cal question is whether STEP and/or STEP substrates
are affected by these treatments (Carty et al., 2010).
Injections of WT mice with three different neuroleptics
(haloperidol, clozapine, and risperidone) for 21 days en-
hances the phosphorylation of STEP61 at Ser221, sug-
gesting that these antipsychotics reduce the affinity of
STEP for its substrates. Along those lines, the phosphor-
ylation levels of GluN2B Tyr1472, Pyk2 Tyr402, and
ERK1/2 Tyr204/187, as well as the surface expression of
GluN2B, are all elevated after neuroleptic treatment.
These results establish that neuroleptic medications ex-
ert their beneficial effects, at least in part, through the
inactivation of STEP61 and promote the phosphorylation
and activation of STEP substrates (Carty et al., 2010).

C. Fragile X Syndrome

FXS is the most common hereditary form of mental
disability and is one of the most common known inher-
ited forms of autism (Cornish et al., 2008). Cognitive
disability, anxiety, and seizures are among the core
symptoms of FXS, and approximately 25 to 30% of those
with FXS meet the criteria for autism. Most patients
with FXS have a CGG-expansion in the 5� UTR of the
Fmr1 gene that prevents transcription of the gene and

subsequent translation of the protein it encodes, FMRP
(for review, see Bassell and Warren, 2008). As men-
tioned earlier, the function of FMRP is to bind to and
suppress translation of several mRNAs localized down-
stream of mGluR stimulation in dendrites (Li et al.,
2001; Antar and Bassell, 2003; Bear et al., 2004). In
FXS, FMRP is functionally absent, so the translation of
some of those mRNAs is up-regulated (Huber et al.,
2002; Zalfa et al., 2003; Lu et al., 2004; Hou et al., 2006;
Gross et al., 2010).

A pivotal finding in the FXS field is work by Huber
and colleagues (2002) establishing that mGluR-depen-
dent LTD is up-regulated in the mouse model of FXS,
the Fmr1 KO. This work led to the development of the
mGluR hypothesis, which posits that stimulation of
mGluRs leads to local translation of synaptic proteins
that are responsible for mediating mGluR-LTD and pro-
poses that many FXS-related phenotypes originate in
exaggerated signaling through mGluRs (Bear et al.,
2004). In section III.E, we reviewed evidence that the
mGluR agonist DHPG leads to a rapid, dose-dependent
increase in the translation of STEP (Zhang et al., 2008).
Given its role in mediating endocytosis of NMDARs and
AMPARs (Snyder et al., 2005; Braithwaite et al., 2006;
Zhang et al., 2008; Kurup et al., 2010), STEP has been
regarded as an “LTD protein” (Lüscher and Huber,
2010). In addition, STEP mRNA associates with
FMRP (Darnell et al., 2011), and STEP translation is
aberrantly up-regulated in Fmr1 KOs (Goebel-Goody
et al., 2010). Thus, an updated model of the FXS
mGluR theory emerges whereby exaggerated signal-
ing through mGluRs causes dysregulation of STEP
translation and subsequently increases the endocyto-
sis rate of glutamate receptors. These events might
explain the enhanced mGluR-LTD and behavioral def-
icits observed in Fmr1 KOs.

To determine whether STEP may be a promising
therapeutic target in FXS, mice were generated that
are null for both STEP and Fmr1 (Goebel-Goody et al.,
2010). Expanding upon the observation that STEP KO
mice are more resistant to pilocarpine-induced sei-
zures (Briggs et al., 2011), STEP/Fmr1 double KO
mice exhibit fewer audiogenic seizures and fewer sei-
zure-induced c-Fos–positive neurons in the periaque-
ductal gray relative to Fmr1 KOs (Goebel-Goody et al.,
2010). Although a major thrust of drug discovery in
FXS has focused on inhibitors of mGluRs, our findings
implicate STEP as a potential target downstream of
mGluR stimulation.

D. Epileptogenesis

Epilepsy is a multifactorial, multifaceted brain dis-
order caused by repetitive, spontaneous seizures (for
review, see Jensen, 2011). The onset of seizures is
caused by aberrant neuronal activity restricted within
one brain region (partial/focal seizures) or spread
across multiple areas of the brain (absence/petit mal
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seizures or generalized tonic-clonic/grand mal sei-
zures). The imbalance of synaptic excitation and inhi-
bition is thought to lead to increased neuronal activity
in epilepsy, so many medications have targeted these
aspects of the disease. Even so, despite successful
seizure management, more than 50% of patients with
epilepsy have lasting cognitive and psychiatric im-
pairments, indicating a complex interplay between
perturbations of neuronal excitability and neuropsy-
chiatric disorders (Jensen, 2011).

To study epilepsy in rodents, pilocarpine, a muscarinic
agonist, is administered, normally induces status epilep-
ticus (SE), and leads to the development of temporal lobe
epilepsy and spontaneous seizures (ictogenesis) (Turski
et al., 1983). The emergence of spontaneous seizures is
believed to be due to pilocarpine-induced degradation of
inhibitory interneurons in the dentate gyrus and subse-
quent disinhibition of granule cells (Sloviter, 1987).
STEP61 is highly expressed in somatostatin-positive in-
hibitory interneurons of the hilus, which are extremely
sensitive to pilocarpine-induced excitotoxicity (Choi et
al., 2007). This subset of neurons acts as an important
inhibitory feedback mechanism to the dentate gyrus.
Specifically, hilar interneurons receive excitatory input
from granule cell neurons, and they also synapse upon
and provide inhibitory tone back onto these granule cell
neurons. At baseline and after pilocarpine-induced SE,
high levels of STEP61 suppress ERK1/2 activation in
hilar interneurons, thereby preventing ERK1/2-medi-
ated neuroprotection and promoting cell death (Choi et
al., 2007). As a consequence, a reduction in the number
of hilar interneurons decreases the inhibitory tone of
granule cell neurons and thus increases their activity.
Administration of either TAT-STEPC-S or pharmacolog-
ical inhibitors that block STEP dephosphorylation are
neuroprotective and rescue hilar interneurons from cell
death (Choi et al., 2007). These findings lend support to
the hypothesis that reducing STEP activity, specifically
in hilar interneurons, may attenuate SE-induced excito-
toxic cell death and restore the balance of excitation-
inhibition onto granule cell neurons.

Genetic ablation of STEP consistently renders mice
more resistant to pilocarpine-induced SE than WT or
heterozygous mice (Briggs et al., 2011). Using calcium
imaging and cell-attached recordings, Briggs et al.
(2011) discovered that the basis for these findings is fold.
During repetitive ictal-like stimulation, STEP KO gran-
ule cell neurons have reduced excitability, and inhibi-
tory hilar interneurons show increased excitability. To-
gether, these results suggest that the inhibitory input
onto granule cell neurons is stronger in STEP KOs than
WT mice and clarifies why STEP KOs have larger pilo-
carpine-induced seizure thresholds. Further studies are
needed to determine whether the enhanced inhibitory
tone in STEP KOs also explains the mechanism behind
the reduced audiogenic seizures that are present in
STEP/Fmr1 double KO mice (see section V.C). In sum-

mary, these collective findings demonstrate that the ex-
pression of STEP61 in hilar interneurons enhances the
vulnerability of these neurons to cell death and in-
creases the likelihood of pilocarpine-induced SE. Given
that excitotoxic cell death of hippocampal interneurons
may also give rise to cognitive deficits (Jensen, 2011),
reducing STEP activity in these particular neurons may
also be able to reverse some of these impairments.

E. Alcohol-Induced Memory Loss

Alcohol intoxication interferes with the ability to
form new memories but does not affect previously
established long-term memories (McIntosh and Chick,
2004). Considerable evidence suggests that modifica-
tions in synaptic circuitry are responsible for this
alcohol-induced inhibition of learning and memory.
For example, short-term ethanol treatment inhibits
NMDAR function and blocks the induction of LTP
(Lovinger et al., 1989; Blitzer et al., 1990; Morrisett
and Swartzwelder, 1993; Schummers et al., 1997).
Ethanol also induces dephosphorylation of GluN2B
Tyr1472 (Alvestad et al., 2003). Inhibition of tyrosine
phosphatases with a broad-spectrum inhibitor prevents
ethanol-induced inhibition of NMDARs, suggesting that
ethanol activates a tyrosine phosphatase (Alvestad et
al., 2003).

A recent study demonstrates that STEP is necessary
for ethanol inhibition of NMDAR function, LTP, and fear
learning (Hicklin et al., 2011). In particular, ethanol
fails to depress NMDAR currents in the presence of
Tat-STEPC-S or in STEP KO mice. Moreover, the etha-
nol-induced inhibition of LTP induction is also blocked
in STEP KO mice. These findings demonstrate that ac-
tivation of STEP may be required for ethanol to exert its
inhibitory effects on NMDAR-dependent synaptic plas-
ticity. The mechanism by which ethanol fails to inhibit
NMDARs in the absence of STEP is due, at least in part,
to STEP’s regulation of GluN2B phosphorylation.
Whereas ethanol reduces Tyr1472 phosphorylation in WT
slices, Tyr1472 phosphorylation remains unchanged in
the presence of ethanol in slices from STEP KOs. STEP
KO mice are also resistant to ethanol-induced inhibition
of fear conditioned learning, suggesting that STEP plays
a key role in mediating ethanol’s inhibitory effects on
NMDARs, LTP, and learning (Hicklin et al., 2011).

These studies implicate STEP in short-term ethanol-
induced memory loss but do not address whether STEP
is involved in the synaptic changes observed during
long-term ethanol consumption or withdrawal. Given
that long-term ethanol consumption impairs spatial cog-
nitive performance (for review, see Matthews and Mor-
row, 2000) and that NMDAR surface expression is al-
tered during long-term ethanol exposure and ethanol
withdrawal (Clapp et al., 2010), it is conceivable that
STEP plays a role in these neuroadaptive changes. In-
deed, recent findings establish that long-term consump-
tion of a liquid-ethanol diet modifies NMDARs such that
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they are no longer inhibited by a challenge (short-term)
dose of ethanol (Wu et al., 2010). These findings are
correlated with an increase in the protein levels of
STEP33 and phosphorylation of p38, suggesting that
long-term ethanol consumption may lead to calpain-me-
diated cleavage of STEP61 and subsequent activation of
p38 (Wu et al., 2010). Additional studies are needed to
confirm the involvement of STEP in long-term ethanol
consumption and withdrawal.

An important consideration is that ethanol also en-
hances inhibitory GABAergic synaptic transmission (for
review, see Kumar et al., 2009). Similar to WT, GABAA
receptor (GABAAR) function continues to be enhanced
by ethanol in STEP KOs (Hicklin et al., 2011). These
findings establish that ethanol-induced enhancement of
GABAARs does not seem to be regulated by STEP. Even
so, it is possible that individual GABAAR subunits or
other inhibitory receptors, such as GABAB receptors
(GABABRs), are regulated by STEP. Tyrosine kinase
inhibitors reduce the activity of GABAARs (Moss et al.,
1995; Valenzuela et al., 1995; Wan et al., 1997); how-
ever, there are currently no reports of similar effects on
GABABRs. It is noteworthy that very limited informa-
tion has been collected regarding the PTPs that regulate
dephosphorylation of GABARs. Future studies examin-
ing the role of STEP and its opposing SFKs in regulating
GABARs will lead to a better understanding of ethanol-
induced enhancement of inhibitory function.

F. Huntington’s Disease

Up to this point, we have described neuropsychiatric
disorders in which STEP up-regulation contributes to
the manifestation of disease symptoms. Too little STEP
protein can also have a negative impact on neuronal
function and contribute to mental illness. One pertinent
example is HD (Saavedra et al., 2011), which is a pro-
gressive, fatal, neurodegenerative disorder character-
ized by poor muscle coordination, mood disorders, and
dementia (for review, see Ross and Tabrizi, 2011). The
cause of HD is an abnormal CAG expansion in exon-1 of
the huntingtin (htt) gene (Huntington’s Disease Collab-
orative Research Group, 1993), resulting in a neurode-
generative disorder that specifically targets striatal pro-
jection neurons (Reiner et al., 1988). In contrast to AD,
where STEP protein levels are elevated compared with
controls (Chin et al., 2005; Kurup et al., 2010; Zhang et
al., 2010), both STEP message and protein levels are
significantly decreased with age in the striatum of an
HD mouse model (R6/1) (Saavedra et al., 2011). At the
same time, the phosphorylation of STEP significantly
increases over time in these mice, which is correlated
with enhanced PKA activity and reduced calcineurin
activity. Consistent with decreased STEP expression
and activity, the phosphorylation of both ERK1/2 and
p38 are elevated in R6/1 mice later in life (20–30 weeks).
Decreased STEP protein levels and hyperphosphoryla-
tion of STEP are also observed in several other mouse

models of HD (R6/2, Tet/HD94, and HdhQ7/Q111), con-
firming the findings from R6/1 mice (Saavedra et al.,
2011). Intrastriatal injections of the NMDAR agonist
quinpirole induce excitotoxic cell death and result in
lesion formation, which is dependent on calcineurin ac-
tivation (Xifró et al., 2009). It is noteworthy that R6/1
mice show increased resistance to quinpirole-induced
excitotoxicity (Hansson et al., 2001). Concurrent injec-
tions of quinpirole with WT TAT-STEP exacerbate the
striatal lesions in both WT and R6/1 mice, suggesting
that STEP acts downstream of calcineurin to mediate
cell death after this excitotoxic insult (Saavedra et al.,
2011). Together, these findings demonstrate that STEP
increases the vulnerability of striatal neurons to un-
dergo cell death after an excitotoxic insult and establish
that the down-regulation of STEP in HD mouse models
may be responsible for their increased resistance to ex-
citoxicity (Saavedra et al., 2011). Future investigations
should identify the mechanism behind reduced STEP
mRNA and protein expression in HD.

G. Drugs of Abuse

Psychostimulant drugs such as cocaine and amphet-
amine exert their addictive and rewarding effects by
altering the circuitry of glutamatergic projections from
the prefrontal cortex to dopaminergic neurons in the
ventral tegmental area (Nestler et al., 1996). Elevated
levels of ERK1/2 phosphorylation are observed in corti-
colimbic areas after cocaine administration (Valjent et
al., 2000). Moreover, short-term cocaine potentiates syn-
aptic responses in ventral tegmental area dopamine
neurons by promoting the rapid insertion of surface glu-
tamate receptors (Borgland et al., 2004; Sun et al., 2008;
Ferrario et al., 2011). ERK1/2 activation is also observed
after amphetamine injections (Choe et al., 2002), and
this requires both D1Rs and NMDARs (Valjent et al.,
2005). The amphetamine-induced phosphorylation of
ERK1/2 requires PKA-mediated phosphorylation of
DARPP-32 and its subsequent inhibition of PP1 (Fig.
5C). Thus, inhibition of PP1 by DARPP-32 and activa-
tion of PKA converge to enhance phosphorylation of
STEP and reduce the affinity of STEP for its substrates
(Valjent et al., 2005). As a result, greater phosphoryla-
tion of ERK1/2 may contribute to the development of
addiction, the onset of behavioral stereotypies, and re-
ward-controlled learning by facilitating long-lasting
changes in corticostriatal circuitry by inducing gene
transcription (Fig. 5C).

This model is congruent with a study by Tashev et al.
(2009), which shows that infusion of the substrate-trap-
ping isoform of STEP (TAT-STEPC-S) into the ventrolat-
eral striatum prevents amphetamine-induced behav-
ioral stereotypies. As discussed earlier, TAT-STEPC-S
binds to ERK1/2, does not dephosphorylate it, and in
turn blocks nuclear translocation of ERK1/2. Thus,
ERK1/2-mediated gene transcription must be necessary
for the manifestation of amphetamine-induced behav-
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ioral stereotypies. Alternatively, given that ERK1/2 ac-
tivation after amphetamine exposure requires D1R sig-
naling (Valjent et al., 2005), it is possible that dopamine/
D1R-induced activation of PKA by amphetamine leads
to phosphorylation and inactivation of STEP (Paul et al.,
2000, 2003). Tat-STEPC-S also blocks the expression of
corticostriatal HFS-LTP and facilitates a low-frequency
stimulation-dependent form of LTD (Tashev et al.,
2009), supporting the notion that STEP opposes synap-
tic strengthening and promotes synaptic depression.
Therefore, STEP inhibition and enhanced phosphoryla-
tion of STEP substrates probably contribute to the neu-
roadaptive changes in synaptic efficacy that are ac-
quired during drug sensitization and drug-seeking
behaviors.

H. Stroke/Ischemia

Eighty percent of all stroke cases are ischemic insults
caused by blocked blood flow and oxygen deprivation to
a focal brain area, often because of a blood clot (Durukan
et al., 2008). Ischemia leads to massive cell death in an
irreversibly damaged infarct core with a surrounding,
potentially salvageable area called the penumbra
(Feuerstein and Wang, 2000). If the blockage clears,
reperfusion of oxygenated blood triggers glutamate re-
lease, calcium entry into the cell, and production of
oxygen radicals (Hossmann, 1998). Drug development
strategies have focused on ways to reduce the period of
blockade, increase penumbral salvage, or decrease rep-
erfusion damage (Durukan et al., 2008). Even so, this
field represents a large unmet clinical need. Thrombo-
lytic treatment with recombinant tissue plasminogen
activator is the only currently approved treatment but is
effective only within 3 to 4 h of clinical symptom onset,
limiting its practical use (Amaro and Chamorro, 2011).

Emerging work suggests that ischemic insult pro-
foundly modifies both the expression and activity of
STEP (Braithwaite et al., 2008). In an adult rat model,
global ischemia followed by reperfusion leads to a sig-
nificant reduction in STEP message in areas cornu am-
monis 1 and 2 of the hippocampus, both of which are
particularly susceptible to ischemic damage. Concomi-
tantly, STEP mRNA is up-regulated in the ischemia-
resistant dentate gyrus, which is protected from dam-
age, after global ischemia. STEP message is also
decreased after transient medial cerebral artery occlu-
sion (tMCAO), first in the ischemic core and then in the
penumbra in a pattern that precedes cell death. In ad-
dition to changes at the transcriptional level, tMCAO
induces post-transcriptional alterations and leads to a
redistribution of STEP from membrane-bound to soluble
compartments (Braithwaite et al., 2008). Within 45 min
of tMCAO, STEP61 is cleaved by calpain into STEP33
(Braithwaite et al., 2008) and initiates cell death path-
ways by activating p38 (Xu et al., 2009). Given that
NMDAR tyrosine phosphorylation and surface expres-
sion is increased after cerebral hypoxia/ischemia (Gurd

et al., 1999; Besshoh et al., 2005), it is likely that cal-
pain-mediated cleavage, and STEP inactivation is re-
sponsible. A competitive peptide that spans the cleavage
site on STEP significantly attenuates cell death after
either glutamate excitotoxicity or oxygen-glucose depri-
vation models (Xu et al., 2009), suggesting that thera-
peutic strategies preventing STEP cleavage may prove
beneficial for treating patients who have had strokes.

I. Inflammatory Pain

Hyperfunction of GluN2B-containing NMDARs is
thought to contribute to pain sensitivity and hyperexcit-
ability of nociceptive sensory neurons in the spinal dor-
sal horn (Gogas, 2006). Accordingly, selective GluN2B
receptor antagonists effectively alleviate inflammatory
and neuropathic pain. The underlying mechanism
seems to involve PKA, Fyn, and STEP (Yang et al.,
2011). Intrathecal injections of the PKA agonist forsko-
lin or complete Freund’s adjuvant (CFA), an inducer of
chronic pain, drive GluN2B-containing NMDARs into
PSD fractions and increase Tyr1472 phosphorylation.
Both treatments also decrease paw withdrawal thresh-
olds to Von Frey stimuli, suggesting increased sensitiv-
ity to pain. The SFK inhibitor PP2 blocks the forskolin-
or CFA-induced increase in PSD-associated GluN2B, as
well as Tyr1472 phosphorylation, demonstrating that
SFKs act downstream of PKA activation. It is notewor-
thy that the association of Fyn with STEP is decreased
in mice after CFA injections, and this disruption leads to
increased phosphorylation of Fyn at Tyr420 (Yang et al.,
2011). Given that PKA phosphorylates STEP and re-
duces STEP’s affinity for its substrates (Paul et al.,
2000, 2003), it is certainly possible that the effects of
forskolin and CFA on GluN2B phosphorylation and sur-
face expression (Yang et al., 2011) are due to reduced
STEP activity. Additional work is needed to determine
the therapeutic relevance that increasing STEP activity
might have on inflammatory and neuropathic pain.

VI. Closing Remarks

A. The Outlook of Drug Discovery for Striatal-Enriched
Protein Tyrosine Phosphatase Inhibitors

As described above, some, but not all, neuropsychiat-
ric disorders might benefit from the development of
STEP inhibitors. The active site pocket in STEP, as well
as other PTPs, is particularly deep and positively
charged (Barr, 2010). The pocket’s depth confers speci-
ficity for phosphotyrosines over phosphoserines or phos-
phothreonines, because the latter groups are not long
enough to extend all the way to the bottom of the pocket.
The positive charge in the pocket attracts and comple-
ments the hard negative charge of the phosphate-group
substrate. Even though highly charged phosphomimet-
ics bind well to the active site, they exhibit low cell
permeability and thus identification of small molecule
inhibitors for PTPs has proven challenging. Five-mem-
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bered ring phosphonate mimetics (isothiazolidinone and
thiadiazolidone) have recently been developed with
markedly improved cell permeability and good pocket
binding. Another strategy that could be used to address
the permeability issue would be to link phosphomimet-
ics with cell-permeable peptides or lipophilic fatty acids
(Barr, 2010).

A flexible Trp-Pro-Asp loop (WPD sequence) flanks
the active site pocket in PTPs (Barr, 2010). This loop is
important in enzymatic function, as it often undergoes
important conformational changes upon substrate bind-
ing. STEP belongs to a class of PTPs (those that bind to
MAPKs) that have a WPD sequence quite different from
most other PTPs (WPDXGXP) (Barr and Knapp, 2006).
In most other PTPs, the relevant sequence is His-Gly-
Val-Pro, whereas STEP’s sequence is Gln-Lys-Thr-Pro.
Other varieties exist, including His-Lys-Thr-Pro in
STEP-like PTPs and His-Gln-Thr-Pro in HePTP. These
sequence-specific differences may impart substrate-
specificity and allow the design of more selective drugs
for MAPK PTPs over other PTPs. Moreover, the unusual
conformation of the WPD loop in STEP separates it from
the rest of the MAPK PTPs and could be used to maxi-
mize selectivity for STEP over its close relatives. Unlike
most PTPs, the WPD in STEP seems to be stable (unin-
fluenced by substrate binding) (Barr and Knapp, 2006).
In addition, a chemical linking strategy where several
small molecules are combined to span the active site and
different adjoining pockets might further increase the
selectivity of compounds for STEP. Accordingly, this
method has been successful in increasing the selectivity
of inhibitors toward PTP1B over a close relative (Barr,
2010).

B. Summary and Future Directions

Since its discovery more than 2 decades ago, a con-
siderable body of research has extended our under-
standing of the role STEP plays in synaptic plasticity
and neuropsychiatric disorders. STEP dephosphory-
lates and inactivates signaling enzymes, including
ERK1/2, p38, and Fyn. Moreover, dephosphorylation
of NMDARs and AMPARs by STEP promotes their
endocytosis by facilitating interactions with clathrin
adapter proteins. For these reasons, STEP opposes
LTP and facilitates LTD. The molecular mechanisms
governing STEP’s expression and activity are proving
to be a complex affair, where phosphorylation, cleav-
age, dimerization, ubiquitination, and local transla-
tion all converge to maintain an appropriate balance
STEP function in the CNS. It is evident from recent
studies that disrupting any of these mechanisms can
flip the balance of STEP activity to make it more or
less active. Either of these results could contribute to
the manifestation of symptoms associated with neuro-
psychiatric diseases. One of the primary conundrums of
STEP research is that it is up-regulated in some neuro-
psychiatric disorders and down-regulated in others.

How can too much or too little STEP promote diseases of
such heterogeneous nature? One explanation might be
that each disorder involves a distinct pathway that al-
ters STEP function, and the interplay of STEP with
other affected partners negatively influences synaptic
function.

An open question to the development of therapeutics
targeting STEP is how to impart substrate and/or brain
region specificity without generating unwanted side ef-
fects. Given that STEP KO mice seem healthy with no
apparent gross anatomical abnormalities (Venkitara-
mani et al., 2009), inhibitors of STEP function will prob-
ably be well tolerated and improve some neuropsychiat-
ric disorders. Indeed, memory impairment is improved
in AD mice that are null for STEP (Zhang et al., 2010).
Even so, we cannot exclude the possibility that other
phosphatases that regulate STEP substrates might com-
pensate for the loss of STEP in STEP KOs or decreased
STEP function in the presence of a STEP compound
inhibitor. For example, perhaps the dual specificity
phosphatase MAPK phosphatase is up-regulated in
STEP KOs to prevent exaggerated activation of ERK1/2
and its downstream nuclear targets. Future work is
required to rigorously address this issue.

Some of the most effective PTP inhibitors target the
conserved catalytic phosphatase site (Popov, 2011); how-
ever, these are often too general and lack selective inhi-
bition. To enhance inhibitor specificity, it is attractive to
propose the development of compounds that interfere
with STEP substrate binding. As discussed in section
II.B, the interaction of Fyn with STEP61 requires both
the first PP and KIM domains on STEP61. In contrast,
the KIM domain is the only known region necessary for
ERK1/2 binding. It is plausible to suggest that peptides
that block the interaction of Fyn with STEP61 at the PP
region might not interfere with the interaction of
ERK1/2 to STEP61. By increasing our knowledge of how
each of the substrates interacts with STEP, we may be
able to develop substrate-interfering peptides. This
strategy is currently being employed to develop cell pen-
etrating c-Jun N-terminal kinase inhibitors to block the
interaction of c-Jun N-terminal kinase with its scaffolding
partners in the treatment of neurodegenerative diseases
(Antoniou et al., 2011). Alternatively, cell-permeable pep-
tides that mimic endogenous inhibitors of STEP may pro-
vide a degree of isoform specificity. There is precedence for
this technology; tatCN21, a potent and selective inhibitor
of CaMKII derived from the natural CaMKII inhibitor
CaM-KIIN, has no effect on the activity of CaMKI,
CaMKIV, or CaMKK (Coultrap et al., 2011). Large-
scale screenings to identify and characterize potential
endogenous proteins that interact with and modulate
STEP activity will be necessary to move this possibil-
ity forward.

Perhaps a greater challenge is the prospect of poten-
tiating STEP activity in neuropsychiatric disorders in
which STEP is down-regulated. Given that the interac-
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tion of STEP with its substrates is decreased by PKA
phosphorylation in the KIM domain, one logical solution
might be to use PKA inhibitors to enhance STEP func-
tion; however, these inhibitors have their own set of
off-target shortcomings (Murray, 2008). Another ap-
proach might be to inhibit endogenous suppressors of
STEP translation (e.g., CPEB, FMRP) or transcription
to increase the expression of STEP. These options
prompt the question of how to effectively potentiate
STEP activity without increasing the propensity to de-
velop neuropsychiatric disorders where STEP is up-reg-
ulated. Will increasing STEP expression improve HD
without causing AD? Will subtle increases in STEP func-
tion relieve inflammatory pain without causing SZ? If
we are fortunate, accurate drug dosing may solve this
drawback. Another possible outcome is that modulators
of STEP activity can be targeted to particular brain
regions that are affected in various neuropsychiatric
disorders. Given that STEP expression varies at re-
gional, cellular, and subcellular levels, distinct pools
of STEP may contribute to the manifestation of par-
ticular neuropsychiatric disorders. It is therefore ex-
citing to consider the possibility that therapeutic in-
terventions targeting specific pools of STEP could be
developed. Further research aimed at determining the
role of STEP in other synaptopathological conditions
may help uncover mechanisms governing STEP regu-
lation in the CNS and lead to the development of
effective therapeutic interventions.

Acknowledgments

This work was supported by the National Institutes of Health
National Institute of Mental Health [Grants MH091037, MH052711]
(to P.J.L.); FRAXA (to S.M.G.G. and P.J.L.); and Institute for the
Study of Aging (to P.J.L.). We thank Dr. Marilee Ogren for critically
reading and editing the manuscript. We also thank all members of
the Lombroso laboratory for helpful discussions on the models and
suggestions on how to improve the manuscript.

Authorship Contributions

Conducted experiments: Paspalas.
Wrote or contributed to the writing of the manuscript: Goebel-

Goody, Baum, Paspalas, Fernandez, Carty, Kurup, and Lombroso.

References
Adachi M, Sekiya M, Arimura Y, Takekawa M, Itoh F, Hinoda Y, Imai K, and Yachi

A (1992) Protein-tyrosine phosphatase expression in pre-B cell NALM-6. Cancer
Res 52:737–740.

Alvestad RM, Grosshans DR, Coultrap SJ, Nakazawa T, Yamamoto T, and Browning
MD (2003) Tyrosine dephosphorylation and ethanol inhibition of N-methyl-D-
aspartate receptor function. J Biol Chem 278:11020–11025.
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